We report measurements of the real and imaginary part of the dielectric constant of liquid water in the far-infrared region from 0.1 to 2.0 THz in a temperature range from 271.1 to 366.7 K. The data have been obtained with the use of THz time domain reflection spectroscopy, utilizing ultrashort electromagnetic pulses generated from a photoconductive antenna driven by femtosecond laser pulses. A Debye model with an additional relaxation time is used to fit the frequency dependence of the complex dielectric constants. We obtain a fast ͑fs͒ and a Debye ͑ps͒ relaxation time for the macroscopic polarization. The corresponding time correlation functions have been calculated with molecular dynamics simulations and are compared with experimental relaxation times. The temperature dependence of the Debye relaxation time is analyzed using three models: Transition state theory, a Debye-Stoke-Einstein relation between the viscosity and the Debye time, and a model stating that its temperature dependence can be extrapolated from a singularity of liquid water at 228 K. We find an excellent agreement between experiment and the two latter models. The simulations, however, present results with too large statistical error for establishing a relation for the temperature dependence.
I. INTRODUCTION
Water is in many aspects a remarkable liquid. Apart from its importance in biological processes and the extended use in chemistry as solvent, the exceptional properties of liquid water in their own justify investigations.
1-4 Although properties of liquid water have been studied for many years, the microscopic mechanisms leading to its anomalous properties are far from fully understood. This work is devoted to the study of dielectric relaxation, which previously has given valuable information about the dynamics of both liquids and solutions. 5, 6 According to the simple model proposed by Debye, 7, 8 a macroscopic polarization is created due to an alignment of the molecular dipole moments if an external electric field is applied to a polar liquid. Removal of the electric field cause a relaxation of the polarization as a consequence of the thermal fluctuations in the liquid. In the case of water, this simple picture is complicated by the ability of liquid water to form a highly distorted tetrahedral hydrogenbond network. In addition, compared with other polar liquids, water is expected to have a fast dynamical behavior due to its small molecular moments of inertia. 2 The relaxational response of liquids is found in the microwave and far-infrared region of the electromagnetic spectrum. A frequency range from 0.01 to 2 THz (3.3-66.7 cm Ϫ1 ) corresponds to relaxation times from 80 fs to 16 ps ͑Defined as c ϭ1͒. During the last decade there has been an increasing effort to study the ultrafast response of water in this spectral region due to progress in various experimental techniques: Temperature-dependent studies of water with the use of low-frequency depolarized Raman spectroscopy ͑DRS͒ have been reported. 9, 10 Mizoguchi et al. have been able to reproduce the observed DRS-spectrum ͑up to 250 cm Ϫ1 ͒ using a model including two resonance contributions ͑broad bands around 60 and 190 cm Ϫ1 ͒ and one relaxation process. 10 Recently, several workers have employed optical-heterodyne detected Raman-induced Kerr effect spectroscopy ͑OHD-RIKES/OKE͒ [11] [12] [13] to study the dynamics of liquid water. This is a technique where birefringence is induced in order to measure the nonlinear polarization. This kind of study gives two relaxation times: 0.5Ϯ0.03 ps and 1.7Ϯ0.3 ps at 298 K 12 as well as 0.40 and 1.16 ps at 295 K. 13 The time-dependent fluorescence Stokes shift technique ͑TDFSS͒, which is assumed to give a linear response from the solvent, have recently been improved to give a fs time resolved water measurements. 14, 15 In TDFSS a suitable solute molecule is excited by a short laser pulse thereby changing the charge distribution. The subsequent reorientation of the solvent is monitored by measuring the time-dependent fluorescence. Jimenez et al. have measured a very fast response (р55 fs) of liquid water using TDFSS. 15 Another technique giving a linear response is THz time domain spectroscopy ͑THz-TDS͒. 16, 17 This is based on ultrashort electromagnetic pulses ͑THz pulses͒ which are generated and detected by small photoconductive antennas driven by fs laser pulses. 18, 19 The bandwidth of the THz pulses extends from 50 GHz to several THz. The broad bandwidth, the high signal to noise ratio, and the frequency range covered make THz-pulses well suited for far-infrared spectroscopy. THz-TDS have been used in spectroscopic investigations of gases, 19 solids, 20 and liquids. 21 These experiments have all been performed as transmission experiments, but in order to study highly absorbing samples, as for example polar liquids, we have recently introduced THz-TDS in the reflection mode. 16 This experimental technique has been used in the present work to measure the complex dielectric constant of liquid water in the frequency range from 0.1 to 2 THz.
A key factor in obtaining knowledge about the structure and dynamics of a liquid is to investigate their temperature dependence. Studies of for instance density, proton mobility, and viscosity of water have turned out to be a valuable tool for testing theories about the liquid structure of water.
3, [22] [23] [24] [25] In this work, we investigate the dynamics of liquid water by measuring the temperature dependence of dielectric relaxation times, thus allowing us to obtain information about the forces responsible for the dynamics of liquid water.
Experiments provide only ensemble averages, but we would like to explain experimental data such as IR or microwave spectra in terms of molecular mechanisms. In a molecular dynamics ͑MD͒ simulation, macroscopic properties of a liquid or a solution are calculated from ensemble averages of microscopic properties of the system. The microscopic model employed in MD simulations thus provides microscopic interpretations. For the microscopic model to be valid it is, however, required that the MD simulation is able to reproduce the experimental data. It has turned out that simulations of static dielectric constants and dielectric relaxation are nontrivial from a methodological point of view and that the convergence of the sampled properties are slow. 26, 27 In this work, we have performed extensive MD simulations of dielectric properties at selected temperatures corresponding to the experimental data.
II. EXPERIMENT
The THz time domain reflection spectrometer is shown in Fig. 1 . A pulse from a Ti sapphire fs laser ͑ϭ800 nm; pulse energy ϳ0.5 nJ, pulse width ϳ70 fs, repetition rate 76 MHz͒ is split by a beam splitter, and one part of the beam is focused onto an emitting dipole antenna 21 ͑inset in Fig. 1͒ . The laser pulses generate free charge carriers, which are accelerated by biasing the antenna with 40 V. The resulting time-dependent photocurrent with subpicosecond rise time acts as source for the subpicosecond THz pulses. These are radiated into the substrate and collimated by a hyperhemispherical lens made of high resistivity silicon and a 90°off-axis paraboloidal mirror. A silicon beam splitter reflects approximately half of the THz beam onto the sample cell at normal incidence. The sample cell is equipped with a front window made of crystalline, high resistivity silicon, which has a very low dispersion and absorption in the far-infrared region. 20 The window is carefully polished to ensure parallelism and flatness. When a single THz pulse arrives at the sample cell, one part is reflected at the air-silicon interface, while another is reflected at the silicon-liquid interface. The THz beam leaving the sample cell is transmitted through the silicon beam splitter and focused onto a detecting dipole antenna ͑inset in Fig. 1͒ by a 90°off-axis paraboloidal mirror and a hyper-hemispherical silicon lens. The THz-detector is biased by the THz radiation and gated by the second part of the laser pulse that has been sent through a variable delay line. The induced photocurrent is thus proportional to the electric field of the THz pulse. The time dependence of the photocurrent is measured by scanning the delay line with a computer controlled dc motor. At each scan 2048 data points, separated by 0.04 ps, are collected with a time constant of 100 ms.
A scan with liquid water in the sample cell is shown in Fig. 2 . The first pulse in the pulse sequence is used as a reference, whereas the second pulse contains information about the complex dielectric constant of liquid water. For comparison, a scan obtained with an empty sample cell is shown in Fig. 3 . Note that the shape of the second pulse shows that water and air have different indices of refraction. The amplitude frequency spectrum of the reference pulse is also shown in Fig. 2 . This spectrum illustrates the useful 2 THz bandwidth of the spectrometer.
In order to measure the properties of the liquid as a function of temperature, the sample cell is placed on a 70 W Peltier-element and insulated from the surroundings, making it possible to choose any temperature between 270 and 370 K. The temperature of the liquid is determined in the center of the sample cell by a thermocoupler, and it is made sure that the temperature is constant (⌬Tр0.1 K) over the entire scan. Dry air purge is used to avoid water vapor in the setup since droplets condensing on the cold sample cell and absorption by water vapor of the THz radiation would seriously affect the results.
In this work, we have also measured the refractive index of the silicon window in the frequency range from 50 GHz to 3 THz as a function of temperature. This knowledge is used in the analysis of the liquid measurements. Accordingly, the reflection spectrometer has the advantage over the transmission spectrometer 17, 21 that the complex dielectric constant can be obtained from a single scan.
III. THEORY

A. Determination of the complex dielectric constant of liquid water
If a short THz pulse is reflected from the sample cell containing a liquid, the resulting pulse train consists of a pulse reflected from the front of the silicon window ͑refer-ence pulse͒ and a delayed pulse reflected from the siliconliquid interface ͑sample pulse͒. Measurement of the frequency-dependent change in phase and amplitude of the pulse train permits the complex dielectric constant of the liquid to be obtained from a single scan. The ratio of the Fourier transform of the reference pulse Ê R () and sample pulse Ê S (), is
͑1͒
where t ASi , t SiA , r ASi , and r SiW are the Fresnel coefficients at normal incidence for the amplitude transmission t, and reflection r. The subscripts indicate which dielectrica the interfaces consist of: air ͑A͒, silicon ͑Si͒, and water ͑W͒. The Fresnel coefficients for the air-silicon interfaces are real because dry air and silicon have no absorption. The exponential factor represents the phase shift ͑delay͒ due to propagation in the window material, where n Si is the index of refraction of silicon and d Si is the thickness of the silicon window. For normal incidence, the complex Fresnel reflection coefficient for the silicon-water interface is 
B. Determination of the refractive index of silicon
The ratio of the Fourier transform of the pulse reflected from the air-silicon interface Ê R () and the pulse reflected from the silicon-air interface Ê E () is given by the refractive indices of air and silicon in line with Eq. ͑1͒
where the real Fresnel coefficients for amplitude transmission and reflection t ASi , t SiA , r ASi , and r SiA only depend on n Si and n A ͑the index of refraction of air͒ for normal incidence. If we express Ê E /Ê R as R E e i E and make use of the fact that (r SiA /r ASi )ϭϪ1ϭe
i at normal incidence, the unknown index of refraction of silicon, n Si , can be deduced from the phase part of Eq. ͑5͒
while the amplitude part of Eq. ͑5͒ gives
We have obtained two equations, Eqs. ͑6͒ and ͑7͒, with two unknowns, n Si and d Si which gives us the possibility to determine both n Si and d Si from one measurement.
IV. EXPERIMENTAL RESULTS
A Determination of the frequency and temperature dependence of the refractive index of silicon
The refractive index of silicon, n Si , has been determined as a function of temperature in the frequency range from 50 GHz to 3 THz. Since there is no measurable absorption in high resistivity silicon, 20 Eqs. ͑6͒ and ͑7͒ can be used. It is found that if we use Eq. ͑6͒ and a constant value for the thickness of the silicon window, d Si ϭ1.8646 mm, we obtain the best results for the index of refraction. The linear thermal expansion coefficient of silicon is 2.616ϫ10
Ϫ6 K
Ϫ1
at 300 K. 28 Within a temperature interval of 95 K the thermal expansion, ⌬d Si , will accordingly be less than 5ϫ10 Ϫ4 mm and the corresponding phase shift (2n Si ⌬d Si /c) at 1 THz is less than 4ϫ10 Ϫ2 rad. The thermal expansion is therefore neglected.
Measurements have been carried out in the temperature range from 275 to 304 K. The index of refraction of silicon at 295.5 K is shown in Fig. 4 , which clearly demonstrates the very low dispersion of silicon in the far-infrared region. The noise at the lowest and highest frequencies is caused by the low spectral intensity of the THz pulses at these frequencies. We therefore consider n Si as frequency-independent. In Fig.  5 , we have plotted the value of n Si at 1.0 THz as a function of temperature. Using a linear regression we obtain an equation for the temperature dependence of n Si at 1.0 THz
which is shown in Fig. 5 as a full line. Because of the low dispersion this equation can be used in the analysis of the liquid measurements in the entire frequency range. Furthermore, from Eq. ͑8͒ we find the thermo-optic coefficient of silicon at 1 THz to be ‫ץ‬n Si /‫ץ‬Tϭ(1.88Ϯ0.03)ϫ10 Ϫ4 K
, which is in excellent agreement with a previously found value of (1.86Ϯ0.08)ϫ10 Ϫ4 K
, at 200 THz ͑1.5 m͒. 
B. Determination of the complex dielectric constant of liquid water
The optical constants of liquid water have been determined as a function of temperature in the frequency range from 0.1 THz to 2 THz with the use of Eqs. ͑3͒ and ͑4͒. The measurements have been performed on three times distilled liquid water at eleven different temperatures between 271.1 and 366.7 K. The sample chamber has been flushed with water three times before the final sample is added to the cell. At temperatures up to 354.2 K, we have made four independent scans, at the highest temperature, 366.7 K, only two scans. Figure 6 shows the frequency dependence of the refractive index and power absorption obtained from averaging scans at the same temperature at four of these temperatures, including the highest and the lowest. The absorption of supercooled water ͑271.1 K͒ has an almost constant value of 100 cm Ϫ1 between 0.5 and 1.5 THz. The absorption at 366.7 K changes from ϳ300 to 500 cm Ϫ1 in the same spectral region. For temperatures in between, the general tendency is increasing absorption with increasing frequency and temperature. The index of refraction also increases with increasing temperature but decreases with frequency. At low frequencies ͑0.05 THz͒ the index of refraction is 20% higher at 366.7 K than that at 271.1 K whereas at high frequencies only 1% higher. For data analysis we calculate the complex dielectric constant from the absorption and index of refraction. The real part, ⑀Ј, and imaginary part, ⑀Љ, of the dielectric constant are shown in Fig. 7 .
Absorption coefficients as high as those of liquid water make transmission experiments difficult. At room temperature, however, transmission measurements have successfully been carried out for liquid water. 17 When we compare our data at 292.2 K to room-temperature measurements in the far-infrared region of the electromagnetic spectrum, we find a good agreement. [30] [31] [32] A controversial question is the existents of a weak resonance in the frequency interval from 0.9 THz to 2.1 THz ͑see for example Ref. 33͒. The scatter in our measurements at frequencies above 1.5 THz makes it difficult to observe whether there is a shoulder on the absorption coefficient or not.
Our absorption coefficient at 331.1 K differ up to 20% from absorption coefficients reported in the far-infrared region. 30, 34 We find, however, a good agreement between the index of refraction measured by us and by Zelsmann. 30 These are substantially higher than the index of refraction measured by Afsar and Hasted. 34 We also find a good agreement between our data and Zelsmann's data at 354.2 K.
In previous dielectric relaxation studies, a good agreement is found between experimental data and the Debye model, by assuming a single exponential relaxation of the polarization for frequencies up to 100 GHz. 35 If, however, the Debye model is extrapolated to THz frequencies, it fails to reproduce the experimental findings. 36 In an attempt to account for the response of water at THz frequencies, a double Debye ͑biexponential͒ model has been adopted 
The measured complex dielectric constant obtained from each scan has been fitted to the double Debye model with a nonlinear least-squares method. 39 The individual data points have been weighted according to the amplitude of the spectrum of the THz-pulse, giving less weight to the low-and high-frequency limits of the spectrum. We have constrained the static dielectric constant to ⑀ s (T)ϭ87.91e
with the use of experimental data. 40 This gives us four temperature-dependent parameters: Two relaxation times, D and 2 , and two parameters that indicate the size of the coupling between the relaxation mode and the electric field, ⑀ 1 and ⑀ ϱ . The differences ⑀ s Ϫ⑀ 1 and ⑀ 1 Ϫ⑀ ϱ are accordingly relative measures of the contribution to the macroscopic polarization from the two relaxation processes. We find that within the experimental error the double Debye model given by Eq. ͑9͒ accounts for the experimental data over the entire frequency and temperature range. An alternative to adding a second relaxation process is to add a contribution from a resonance in line with Mizoguchi. 10 We find that combining a relaxation process with a damped harmonic oscillator does not give as good agreement with our data as the double Debye model.
The average value of each parameter obtained in the double Debye analysis of the N independent measurements at each temperature is reported in Table I . The numbers in parentheses are the standard deviations obtained from the averaging. Furthermore, a 1% change of ⑀ s resulted in a similar change of D . The correlation between ⑀ s and D will accordingly introduce an additional uncertainty to D corresponding to the uncertainty of ⑀ s .
It should be noted that the fast relaxation time ( 2 Ͻ100 fs) gives an almost constant contribution to the real part of Eq. ͑9͒ in the frequency range studied. Consequently, 2 and ⑀ ϱ will be correlated and the value of ⑀ ϱ remain undetermined at temperatures above 324 K owing to the limited frequency interval. When needed in further analysis we have fixed the value of ⑀ ϱ to 1 for temperatures above 324 K. The fitted value of 2 is, however, still valid, although the maximum frequency is below the critical frequency ͓ c ϭ1/(2 2 )͔. We have tested this hypothesis at 331.1 K, where the critical frequency, c , is 3.3 THz, by extending the frequency range with Zellsman's data 30 from 2 to 4.5 THz. This extension did not result in any change of the determination of 2 . Kindt and Schmuttenmaer 17 have reported room-temperature relaxation times of 8.24 ͑40͒ ps and 0.18 ͑14͒ ps determined with THz-TDS in excellent agreement with our data at the same temperature.
In the time domain, dielectric relaxation may be considered as the interaction between an external time-dependent field and the total dipole moment of the system, M. Applying perturbation theory, dielectric relaxation may be described with the normalized time correlation function of M 41 C͑t ͒ϭ
In the double Debye model, the correlation function, C(t) is described by a biexponential decay, with amplitudes proportional to the differences ⑀ s Ϫ⑀ 1 and
The time-correlation functions are plotted in Fig. 8 .
V. MOLECULAR DYNAMICS SIMULATION
MD simulations of dielectric properties are properly carried out with the Ewald lattice summation method or the reaction field method. 42 The static dielectric constant may be calculated with the Ewald technique as
where M is the dipole moment, V is the volume, and T the temperature of the simulation box. Dielectric properties have previously been calculated by adopting several different We have carried out MD simulations at selected temperatures of the experimental spectra by adopting experimental densities and the SPC/E potential, 48 which is a reparameterization of the original SPC potential 49 to include also the self-energy polarization term. The reason for choosing the SPC/E potential is that it is both extremely simple ͑and thus efficient in these computer-demanding calculations͒, and that it has given reasonable results in previous work. The Ewald lattice summation technique and periodic boundary conditions have been employed, and we have not been using any spherical cutoff, but instead included all interactions in the simulation box. 46 The simulated system consists of 216 water molecules and the simulation time is 4 ns with a timestep of 2 fs.
The dielectric constant as a function of the simulation time is presented in Fig. 9 . We conclude that simulation times of more than 2.0 ns are required to obtain a reasonable convergence. It is noted that at 303.2 K the static dielectric constant is 88 after 200 ps before reaching the final value of 63.6, and that at 292.2 K the static dielectric constant changes from 54 to 64 during the simulation period 1.4-1.7 ns. The slow convergence of the dielectric constant, which persists after many hundreds of picoseconds, has not been explained at a molecular level, but it is noted that they exist up to 1 ns at all temperatures. The standard deviation of the dielectric constant ͑Table II͒ is, however, substantially smaller at the highest temperature, 368.2 K than at lower temperatures. As noted for a flexible SPC potential, 43 it is clear that the slow convergence is due to a collective behavior of liquid water since the corresponding average of the molecular dipole moment, ͗ 2 ͘, converges much more rapidly. The temperature dependence of the static dielectric constant is compared with experimental values 50 in Fig. 10 . Within the temperature interval 278-303 K, the correct temperature dependence is not obtained. This is probably due to the limited simulation times as noted both in Fig. 9 and Table II . If we had been interested in only the timeindependent dielectric constant, sampling with an umbrella potential would improve the convergence of the dielectric constant. 51 The static dielectric constants from our simulations are generally too small compared with the experiment in Fig. 10 . This may be understood from the fact that we use a rigid and nonpolarizable potential function. If an external electric field is applied to a liquid, mainly three things happen: The electronic charge distribution is polarized, the geometry of the molecule is altered, such as the molecular dipole moment is increased, and the water molecules are aligned. Here, we only include the third term. It has been demonstrated that many-body polarization has a large effect on the determination of dielectric properties, 52, 53 but that a water molecule with an effective dipole moment of that in the liquid state has the same structural and dielectric properties as the fully polarizable system. 52 It is therefore expected that a large part of the deviations to experiment is due to the description of the collective orientational ordering of the water molecules. For example, it has been argued that the accuracy of the quadru- pole moment of the water molecule has a large influence on the dielectric constant since it effectively breaks the longrange dipole-dipole correlations. 52 Quantum chemical potentials that provide an accurate description of the true molecular charge distribution, such as the NEMO potential, 54, 55 may thus give an improved description of dielectric properties of polar liquids. It may also be of importance that solvent effects on the molecular quadrupole moment is included. The high static dielectric constant is an exceptional property of liquid water, but it is important to remember that also other liquids such as formamide, ethylene carbonate and N-methylacetamide, which has a very different structure than that of water also have as high dielectric constants. 56 Calculations of the dielectric relaxation as the timecorrelation function in Eq. ͑12͒ should agree better with experiment than the dielectric constant. The reason is that the electronic polarization and the intramolecular motions occur on a different time scale than that considered here. On the other hand, couplings between the different kinds of polarizations may be important. In the Debye approximation the relaxation of the collective orientational motion is described with transition state theory, i.e., the relaxation occurs by passing an energy barrier. It is possible that the molecular induced dipole moment and the molecular geometry are different from the average values at the transition state, which of course will affect the height of the energy barrier and thereby also the relaxation time. The mechanism behind Debye relaxation may be regarded similar to that of selfdiffusion because the energy barrier is in both cases due to the breaking and forming of hydrogen bonds. 57, 58 For the SPC potential, it has been noted that a flexible potential reduces the self-diffusion coefficient significantly. 43 In the Debye model, the dielectric relaxation is described with a single relaxation time, D , as
for t larger than ϳ0.5 ps. The calculated time-correlation functions are compared with our experiments in Fig. 8 and the times, D , are given in Table II . The Debye time as a function of the simulation time is shown for some temperatures in Fig. 11 . It is concluded that simulations of several hundreds of picoseconds are required to obtain a qualitatively correct behavior and of several ns to achieve a reasonable agreement with the experiment, even if the error bars are too large for establishing a relation for temperature dependence. The main point is, however, that in contrast to the dielectric constant, it is possible to obtain quantitatively correct Debye times with a rigid and nonpolarizable potential model.
VI. DISCUSSION
We have compared the temperature dependence of our Debye relaxation time, D , with Debye relaxation times obtained from dielectric data in the microwave region, 36 MW ͑Fig. 13͒. One would a priori expect the two times to be identical. This is the case at high temperatures, whereas at low temperatures MW is higher than our measured D . A possible explanation for this is a nonvanishing contribution from the fast relaxation process to the complex dielectric constant in the GHz region at low temperatures. At 278.8 K we find the fast relaxation time to be 0.26 ps, giving a critical frequency, c , of 610 GHz. This gives a considerable contribution to the Debye spectrum in the entire GHz region. At higher temperatures the critical frequency will increase which decreases the spectral contribution at GHz frequencies from the fast relaxation process. At low temperature the microwave relaxation time, as observed by Kaatze and Uhlendorf, 36 will accordingly include contributions from the fast relaxation process, and is therefore different from our Debye relaxation time.
When we compare THz-TDS dynamics with the dynamics observed in TDFSS-experiments, it is important to realize that the TDFSS measurements probe the dynamical changes following a rapidly induced change in the charge distribution, whereas the experiments in this work probe the dynamics associated with a step-function change of the electric field. 59 In a dielectric model this distinction is equivalent to a longitudinal relaxation time ( L ) associated with the charge change and a transverse relaxation time ( T ) associated with the field change. 60 Following Kivelson and Friedman, 60, 61 these two relaxation times are related through the dielectric constant at zero and ''infinite'' frequency, where infinite means ӷ1/
The TDFSS measurement of Jimenez et al. show a double exponential decay with time constants 120 and 880 fs at room temperature. 15 Using for the fast relaxation ͑120 fs͒ ⑀ s Јϭ⑀ 1 and ⑀ ϱ Ј ϭ⑀ ϱ we obtain a relaxation time of 195 fs in agreement with our measured 2 ϭ170 fs at 292.3 K. For the slow component ͑880 fs͒ we obtain, using ⑀ s Јϭ⑀ s and ⑀ ϱ Ј served by Ohmine. 62 It should be noted that the relaxation times from the TDFSS experiment change less than a factor of 2 for different the solute molecules. 59 It is therefore reasonable to assume that the relaxation times mainly are determined by the same mechanisms as the dielectric relaxation times and very little affected by interactions ͑such as hydrogen bonds͒ between the solute and solvent.
In the work of Mizoguchi et al. 10 two Curie-Weiss equations are adopted for describing the temperature dependence of the DRS relaxation times ( DRS ). We have used these to calculate DRS at temperatures corresponding to ours ͑Fig. 12͒. The values of DRS and D differ as does their temperature dependence. The relaxational mode observed in the DRS-experiment depends on the dynamics of the nonlinear polarization, whereas the time dependence observed in our data results from the dynamics of the linear polarization. The two macroscopic properties do not necessarily couple equally to the different kinds of thermal fluctuation in the microscopic structure. The ratio of D and DRS is theoretically predicted to be three 63 for liquids dominated by single molecule rotational relaxation. We find that this ratio changes from 2.2 at 271.1 K to 1.3 at 366.7 K. It is not surprising that the ratio departs from three since collective effects are known to dominate both the FIR and DRS spectra. The reason for the change of the ratio with temperature is presently unknown, but the change could suggest a difference in the molecular mechanisms determining the two spectra.
Like the DRS-technique, the OHD-RIKES/OKE experiments depend on the nonlinear polarization. Castner et al. 13 suggest that due to the nature of their experiment the relaxation times of 0.40 and 1.16 ps at Tϭ295 K can be directly assigned to rotational diffusion, although some translation diffusion may be included because of the hydrogen bond network. It would be interesting to have OHD-RIKES data over a larger temperature interval in order to perform a more detailed comparison.
In previous temperature-dependence studies of dielectric relaxation, several attempts have been made to account for the temperature dependence of the Debye relaxation. A procedure commonly employed is to make an Arrhenius plot and analyze it with transition state theory 64 ͑T͒ϭ h kT
where ⌬H a is the activation enthalpy and ⌬S a is the activation entropy for the relaxation process. Both ⌬H a and ⌬S a are assumed to be temperature independent. The Debye relaxation time versus 1000/T is shown in Fig. 13 . We find that a single constant activation enthalpy cannot fit the data appropriately over the entire temperature range, but this is possible if the data divided in two regions, one above 315 K and one below 293 K. The two lines intersect near 303 K. At high temperatures the activation enthalpy is 2.9 kcal/mol and at low it is 4.0 kcal/mol. It is interesting to note that 303 K has proven to be a special temperature in various studies of water. Mizoguchi et al. have plotted the inverse of the DRS relaxation time versus temperature 10 and observed a kinklike behavior at ϳ303 K. In pressure dependent studies of the shear viscosity, 65 water behaves like an abnormal liquid below 303 K and the specific heat capacity of water, C p , has a minimum at 303 K. 66 Temperature dependence of a property measured in one kind of experiment does not give a total picture of all thermal fluctuations. Still, adding all these observations together we obtain indication of a changes in microscopic structure at ϳ303 K. In our case this is observed as a change of the energy barrier of the reorientation process.
The assumption that the activation enthalpy for the relaxation process is constant may not be valid. The temperature dependence of Arrhenius plots for kinetic properties may reflect a decreasing interaction energy as the tempera- ture increases ͑see for example Ref. 67͒ . If the ratedetermining step in the Debye relaxation process is the breaking and forming of hydrogen bonds, the temperature dependence may origin from a decrease in the number of hydrogen bonds with increasing temperature. Furthermore, since it has recently been demonstrated that the dynamics of forming and breaking hydrogen bonds at room temperature in liquid water is virtually uncorrelated with the fluctuations of neighboring bonds ͑i.e., cooperative effects are unimportant for the forming of a hydrogen bond in liquid water͒, 68 it may be possible to use a statistical model, where only the temperature dependence of the number of hydrogen bonds to each molecule models the properties of liquid water. 5, 24, 69 On the other hand, simulations using a polarizable potential model find cooperative effects in the hydrogen bonding of liquid water. 70 It is also reasonable that a major portion of the cooperative effect arises from a polarization of charge distribution when a hydrogen bond is formed. This effect is not included in an effective force field as the SPC/E potential, but on the other hand, effective pair potentials have successfully described many properties of liquid water, including diffusion coefficients and dielectric relaxation that depend on the dynamics of the forming and breaking of hydrogen bonds.
The possibility of a true singularity in both static and dynamic properties of liquid water at about T s ϭ228 K ͑1 bar͒ has been suggested by Speedy and Angell. 25, 71 This temperature is just below the limit of the attainable supercooling at about 232 K. It has been shown that the temperature dependence of experimentally measured properties that exhibit an extremum ͑e.g., isothermal compressibility, density, and NMR relaxation times͒ 71 may be fitted to a fractional power law that diverges to infinity at T s . The same parameters are used for liquid water in the supercooled and the normal temperature regime. In the case of the Debye relaxation time the model has been found to resemble the actual behavior at temperatures between 273.2 and 333.2 K 71 giving the equation, D ϭ0.9822͓ps͔(T/T s Ϫ1) Ϫ1.791 . A comparison of our ln D versus Ϫln(T/228Ϫ1) ͑Fig. 14͒ gives an excellent agreement with the findings of Speedy and Angell. 71 We find the exponent to be Ϫ1.68Ϯ0.03 in comparison with Ϫ1.791Ϯ0.02. 71 If it is a singularity at 228 K that governs the temperature dependence also in the normal temperature regime, it would be crucial for an MD simulation to model this behavior in order to describe the temperature dependence of liquid water in both the supercooled and normal temperature regime which for example has been problematic for the density. 72, 73 The Einstein-Stoke relations demonstrate that the Debye relaxation time, D , the shear viscosity, , and the selfdiffusion coefficient are related and thereby should originate from the same molecular mechanisms. 57 Agmon has suggested that the Debye relaxation is caused by a tetrahedral displacement. 23 That would in terms of a lattice theory be a translation from one site to a neighboring site, a motion that also includes a rotation. Such a mechanism is consistent with the finding that about half of the water molecules in liquid water use only three of the four bonding sites 76 and the view that water is a random hydrogen-bonded network with frequently strained and broken bonds, continuously subject to spontaneous restructuring. 77 The tetrahedral displacement is also consistent with that the number of hydrogen bonds is sufficiently large for the water molecules to form an infinite connected network ͑''gel''͒. 77, 78 Note that such a model is inconsistent with the assumption that liquid water consists of two fractions of molecules with different hydrogen-bond properties.
79-83
The temperature dependence of the fast relaxation time, 2 , supports the assumption of two relaxational processes opposed to one relaxation process and one resonance. The temperature dependence of the frequency of maximum absorption for a relaxation process (1/ 2 ) has the form of Eq. ͑15͒, while for a resonance process the temperature dependence of the frequency of maximum absorption is small. 5 2 is plotted versus 1000/T in Fig. 16 . The fast relaxation time changes by a factor of roughly 8 over the temperature range. Although there is a good deal of scatter, this change can be described by a transition state model. The fast relaxation process is also observed in the simulations ͑Fig. 8͒, but this is a region of the spectrum where quantum effects start to become important, 53 and such contributions have not been included here.
The amplitudes A D ϭ⑀ s Ϫ⑀ 1 and A 2 ϭ⑀ 1 Ϫ⑀ ϱ are proportional to the contributions from the two relaxational modes to the macroscopic polarization. The temperature dependence therefore reflects changes in the microscopic structure that influence the mechanisms behind each relaxation process. In Fig. 17 the amplitudes from the experimental correlation function are plotted as a function of temperature ͑the static dielectric constant has been taken from Ref. 40͒ . We find that the two modes do not contribute equally much. The Debye relaxation contributes of 94%-98.5%. The bandwidth of the THz pulses used in this study is not wide enough to determine either the static dielectric constant at any temperature or ⑀ ϱ at temperatures above 324.1 K. However, if we assume that at temperatures lower than 324.1 K the temperature dependence of the amplitudes is not an artifact produced by a limited bandwidth, we observe that the contribution of the Debye relaxation to the macroscopic polarization decreases and contribution of the fast relaxation increases vaguely with increasing temperature. Following Agmon's model, 23 we can explain this temperature dependence of A D and A 2 qualitatively. According to this model the fast relaxation time is caused by a single-molecule rotation and, as discussed, the Debye relaxation is due to a tetrahedral displacement. At higher temperatures the thermal energy will break some of the hydrogen bonds. Single-molecule rotations will accordingly increase in proportion, whereas the number of tetrahedral displacements will decrease. It is noted that both processes may occur with one hydrogen bond intact. When we explain the temperature dependence A 2 , we have to consider that we have measured 2 at room temperature to be in the order of 0.2 ps, whereas single-molecule reorientation is generally assumed to be around 1 to 2 ps. 84, 85 
VII. CONCLUSION
With the use of THz-TDS we have measured the real and imaginary part of the dielectric constant of liquid water in the far-infrared region from 0.1 to 2.0 THz in a temperature range from 271.1 to 366.7 K. The data was fitted to a double Debye model, giving a fast ͑fs͒ and a Debye ͑ps͒ relaxation time for the macroscopic polarization. The temperature dependence of the Debye relaxation time was analyzed using three models. We have learned from transition state theory that the activation enthalpy for the reorientation process is not constant over the entire temperature range. We find a linear dependence between the Debye relaxation time and the viscosity divided by temperature in excellent agreement with the predictions of the Debye-Stoke-Einstein relation. Finally, we find that the temperature dependence of the Debye relaxation time can be accounted excellently for by a fractional power law that arises from a singularity of liquid water at 228 K.
We have also performed extensive MD simulations of liquid water with the use of a rigid and nonpolarizable potential model ͑SPC/E͒. We have calculated the static dielectric constant and the corresponding time-correlation function at selected temperatures and carefully tested the convergence of these simulations. We concluded that simulation times of more than 2 ns were required to obtain a reasonable convergence and agreement with the experimental Debye time. The main conclusion is that it is possible to obtain quantitatively correct Debye times with a rigid and nonpolarizable potential model.
In future projects it would be interesting to extend the frequency range to higher frequencies in order to ensure a precise determination of the fast relaxation time, the temperature dependence of A 2 , and to investigate resonances and also to include quantum effects in the simulations. Isotope studies could give a better understanding of the mechanisms behind the relaxation processes. Both experimental and theoretical work on D 2 O(l) is on the way.
